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Quantitative Comparison of Double-Stator
Permanent Magnet Vernier Machines
With and Without HTS Bulks
Chunhua Liu, Member, IEEE, K. T. Chau, Senior Member, IEEE, Jin Zhong, Wenlong Li, and Fuhua Li
Abstract—This paper quantitatively compares three types of
double-stator flux-modulation permanent-magnet (PM) machines,
namely the vernier machine, vernier machine with HTS bulks,
and magnetic-geared machine. Due to adopting the double-stator
topology, these PM machines achieve the higher energy transmis-
sion and power conversion than the single-stator counterparts.
Also, the design for the proposed machines are to respectively use
the flux-modulation pole, HTS bulk and the flux-modulation ring
for modulating the low speed rotating field of the PM rotor and the
high speed rotating field of the armature windings, hence obtaining
the gear effect for low speed operation. It should be noted that
by using the HTS bulks can not only efficiently improve the flux
modulation effect of the vernier machine, but also greatly reduce
the machine flux leakage. By using the finite-element-method,
their performances are compared, hence verifying the validity of
the machine design.
Index Terms—Double-stator, finite element method, flux-mod-
ulation, high temperature superconductor, magnetic-geared ma-
chine, permanent magnet machine, vernier machine.
I. INTRODUCTION
W ITH two sets of armature windings, double-statorpermanent-magnet (PM) machines possess the higher
torque density and power density, as well as more flexibility
for winding connections than the conventional single-stator
machines under the same size [1]. PM vernier machines [2]–[4]
and magnetic-geared machines [6]–[8] currently attract much
attention due to their outstanding flux-modulation feature of
providing the high-torque low-speed operation. On the other
side, the advent of high-temperature-superconductor (HTS)
provides a new way for the machine design, which can greatly
improve the performance of the conventional machine [7]–[9].
By taking advantages of the above merits, this paper is pur-
posely to propose three types of double-stator flux-modulation
machines, namely the double-stator PM vernier (DSPMV)
machine, DS PM vernier HTS (DSPMV-HTS) machine, and
DS magnetic-geared (DSMG) machine. The key is to using
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Fig. 1. Proposed double-stator flux-modulation machines: (a) DSPMV,
(b) DSPMV-HTS, and (c) DSMG.
the flux-modulation pole, HTS bulk, and flux-modulation ring
to modulate the low speed rotating field of the PM rotor and
the high speed rotating field of the armature windings, hence
achieving the gear effect for low speed operation. Also, their
DS topologies can effectively benefit the efficiency and energy
conversion. In addition, by incorporating the HTS bulks into the
DSPMV machine, its flux-modulation ability and performance
can be further improved. By using the finite-element-method
(FEM), their performances are compared and analysed, which
prove the validity of the design of these machines.
II. MACHINE DESIGN
Fig. 1 shows the configuration of proposed double-stator flux-
modulation machines, which has a same cup-rotor for mounting
two sets of 22 pole-pair PMs on both inner and outer surfaces.
1051-8223/$26.00 © 2011 IEEE
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But they have different double-stator topologies for performing
the flux-modulation and energy conversion.
For the rotor structure, since all three machines adopt the cup
shape with PMs mounted on both surfaces, the iron core of the
rotor can be designed very thin (only 2.4 mm for the proposed
machines and about 70% thinner than a comparable machine).
Also, the machine magnetic flux path is series, which effec-
tively shorten the magnetic circuit length and hence improve the
torque density (about 30% shorter than a comparable machine
with the paralleled magnetic path). Moreover, the cup-shaped
rotor can make the machine compact and robust, which is suit-
able for direct-drive application.
For the inner stator topology, all machines adopt 6 embedded
slots for accommodating concentrated windings, which can
simplify the inner-stator structure and fully utilize the inner
stator space, as well as effectively shorten the end winding.
In detail, the DSPMV machine utilizes the salient-pole and
embedded-slot for performing the flux modulation, whereas
the DSPMV-HTS machine uses the HTS bulks for shielding
the flux distribution and hence realizing the flux modulation.
The configuration of the HTS bulks consists of the HTS bulks,
cooling channel around the bulks, vacuum enclosure, and
refrigeration source for offering the circulated liquid nitrogen.
In addition, the DSMG machine accepts the modulation-ring
for accomplishing the flux assignment. Hence, all the inner
stators of these machines achieve the similar function of flux
modulation. In order to simplify the analysis, the flux-modu-
lation ring of the DSMG machine is treated as the part of the
corresponding inner stator or outer stator. And they obey the
same tooth-pole arrangement as follow:
(1)
where is the number of rotor PM pole pairs, is the number
of flux-modulation poles (HTS bulks or flux-modulation rings),
and is the number of armature winding pole pairs [2]–[5].
Hence, the corresponding high-to-low speed ratio is gov-
erned by:
(2)
where and [2]–[5]. When
and , the largest space harmonic component can
be obtained.
Furthermore, the relationship between the and the can
be given as:
(3)
where is the number of winding phases and is the flux-
modulation poles per phase per armature pole. Usually, it has
.
So, in these machine designs, the parameters are selected for
, , and . Then, it has , ,
and . It means that the rotor speed is only 1/11 of that
in stator for armature rotating field speed. Thus, when the rotor
speed is 200 rpm, the speed of armature rotating magnetic field
in stator is scaled up to 2200 rpm.
Fig. 2. Series connection of windings: (a) vector diagram and (b) winding.
For the outer stator structure, both of the DSPMV type and
DSPMV-HTS machine adopt the same open-slot drum-winding
vernier structure for modulating the flux distribution. But the
outer stator of the DSMG machine utilizes the fractional-slot
concentrated-winding structure and the flux-modulation ring for
re-assigning the flux distribution. Since the PM magnetic flux
path is designed for series connection, the pole-pair PMs are
the same number of 22 on both surfaces. Hence, in order to
meet the same ratio of 11, the number of outer stator slots
for the DSPMV and DSPMV-HTS machines (or the outer flux-
modulation rings for the DSMG machine) is the same as the
inner stator salient poles (or the inner flux-modulation rings)
of 24. Also, the number of outer stator armature winding
pole pairs for all these machines is the same as of 2. The
relationships of the tooth-pole for the outer stator also obey the
principles of the equations of (1)–(3).
III. MACHINE ANALYSIS
A. Operation Principle Analysis
The proposed machines have double stators for accommo-
dating two sets of 3-phase windings. So, they all offer six
winding ends for different connections [1]. In general, the
series and parallel connections between the winding ends in the
same phases are the two common ways, which can respectively
achieve the largest values of EMF and current. Here, the series
connection way is adopted for obtaining the largest EMFs,
which is shown in Fig. 2. It can be seen that the same phases of
and are enlarged to by vector overlay.
B. Electromagnetic Field Analysis
The time-stepping FEM (TS-FEM) is used to analyse the
steady-state & transient performance of the proposed machines.
The mathematical model consists of three set of equations. First,
the electromagnetic field equation is governed by [10]:
(4)
where is the field solution region, the magnetic vector po-
tential, the current density, the electrical conductivity, and
, the remnant flux density, along the -axis and -axis,
respectively. Along the peripheries of outer stator and inner
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TABLE I
MACHINE KEY DATA
stator at , the magnetic vector potential is assumed to be
zero. Second, the armature circuit equation is given as:
(5)
where is the stator phase current, and the resistance and
inductance of the stator phase winding, and the resistance
and inductance of the load, the axial length of iron core, the
conductor area of each turn of per phase winding, and the
total cross-sectional area of conductors of each phase winding.
Third, the movement equation is given by:
(6)
where is the moment of inertia, the mechanical speed,
the load torque, and the damping coefficient.
After coupling the equations of (4)–(6) and applying the dis-
cretization, the TS-FEM model is performed to deduce both
the steady-state and dynamic performances of the machine. It
should be noted that in this model for the DSMG machine, the
permeability is set to zero, which stands for the flux-shielding
effect of HTS bulks. Also, since the HTS bulks are located in
the stationary component of the stator, they can be fabricated
with a very short length of 3 mm in radial direction. In addition,
the HTS bulks are based on the 2nd generation YBCO material,
which can achieve the critical current density up to
under the temperature of 77 K [11].
IV. COMPARISON OF MACHINE PERFORMANCE
By using the TS-FEM, the steady-state and transient perfor-
mances of the proposed three machines are compared and anal-
ysed. Table I shows the corresponding key design data.
First, the airgap flux density distributions of these machines
are calculated and compared as shown in Fig. 3. It can be seen
that all waveforms of the inner and outer aigap flux density have
22 pole pairs within 360 degree and correspond to the two pole
pairs of the stator rotating field. Thus, it proves the propose
machines achieve the effective flux-modulation ability. Also, it
can be observed that the DSPMV-HTS one has the obviously
highest flux density than the other types due to its HTS bulks.
And the DSMG machine has the lowest flux density since its
Fig. 3. Airgap flux density: (a) inner airgap of DSPMV machine, (b) outer
airgap of DSPMV machine, (c) inner airgap of DSPMV-HTS machine,
(d) outer airgap of DSPMV-HTS machine, (e) inner airgap of DSMG machine,
and (f) outer airgap of DSMG machine.
flux-modulation rings lead to more flux leakages than the other
two machines. The corresponding EMFs are given in Fig. 4. It
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Fig. 4. No-load EMF waveforms at 200 rpm. (a) DSPMV machine,
(b) DSPMV-HTS machine, and (c) DSMG machine.
also indicates the EMF amplitudes from the high to low are the
DSPMV-HTS one, DSPMV one, and DSGM type.
Second, the torque performances of the machines are shown
in Fig. 5. It can be found that the average steady torque (average
cogging torque) of the DSPMV, DSPMV-HTS and DSGM ma-
chine is 65 Nm, 70 Nm and 58 Nm (4.2 Nm, 9.9 Nm &
4.5 Nm). Their cogging torque is significantly small, which are
only 6.5%, 14.1% & 7.8% of their steady torque. In addition,
the torque ripple is about 13.8%, 50.8% & 15.9%, respectively,
which is also acceptable. The reason of the highest torque
ripple and cogging torque for the DSPMV-HTS type is that the
HTS bulks strengthen the flux distribution in stator yoke, which
enlarges the un-balance of the airgap flux distribution.
Third, the core loss of these machines at rated load operation
is compared in Fig. 6. As expected, the DSPMV-HTS type has
the lowest core loss due to the HTS bulks enhancing the iron
core effectiveness. Also, the DSMG machine has the highest
core loss since its flux-modulation rings increase its power
loss.
V. CONCLUSION
Based on the same peripherals of the outer and inner sta-
tors, stack length, and cup rotor, this paper quantitatively com-
pares three flux-modulation machines, including the DSPMV
Fig. 5. Torque performance. (a) DSPMV, (b) DSPMV-HTS, and (c) DSMG.
Fig. 6. Machine core loss at rated load operation.
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TABLE II
MACHINE PERFORMANCE COMPARISON
one, DSPMV-HTS one, and DSMG one. The comparison re-
sults are given in Table II, and concluded as follow.
1) All these machines achieve the effective flux modulation
and hence produce the high torque at low speed operation.
2) The general performances of these machines can be ranked
as: the DSPMV-HTS type, DSPMV type, and DSMG type.
3) The torque ripple and cogging torque of the DSPMV and
DSMG machines are significantly small due to the multi-
pole structure design. Although the counterparts for the
DSPMV-HTS machine are the biggest ones, they’re still
acceptable for the practical application.
4) All these machines have the low iron core loss.
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